Introduction
An interplate earthquake occurred off east Hokkaido, Japan, on August 12, 1969 (Fig. 1) . The epicenter of the earthquake was 43.18°N, 147.48°E, depth = 33 km, with an origin time of 21:28. Abe (1973) estimated the earthquake mechanism of a pure thrust type and the seismic moment of 2.2 9 10 21 Nm (M w 8.2) using surface waves. The moment release distribution of the earthquake was estimated from a body wave analysis Ruff 1985, 1987) . The result shows that a large moment was released near the epicenter and the estimated seismic moment was 1.8 9 10 21 Nm (M w 8.1). Kikuchi and Fukao (1987) also estimated a time history of the moment release of the earthquake from a body wave analysis. The result shows that this event has a long duration of the moment release with the major moment release during the first 30 s. The estimated total seismic moment was 1.4 9 10 21 Nm (M w 8.1). A large tsunami associated with the earthquake was recorded at tide gauges around the coasts of the Okhotsk Sea and Pacific Ocean. Hatori (1970) estimated the tsunami source region (length = 170 km) from arrival times of the tsunami signal. Tsunami waveform analysis of the 1969 earthquake has not been done. The 1975 Shikotan earthquake occurred at a shallow part of the plate interface, after the 1969 earthquake which occurred at a deeper part of the same region (Fig. 1) . The epicenter of the earthquake was 42.77°N, 148.22°E, depth = 0 km, with an origin time of 13:47. Japan Meteorological Agency estimated M jma = 7.0 using the short-period seismometers in Japan (Sapporo District Meteorological Observatory 1976) . Abe (1989) estimated M t = 7.9 from tsunami maximum amplitude. The 1975 earthquake was characterized as a tsunami earthquake (Takahashi 2006) as the tsunami wave is much larger than that expected from short-period seismic waves. Takemura et al. (1977) estimated a seismic moment of 2.0 -3.0 9 10 20 Nm (M w 7.5-7.6) using surface wave data of the 1975 earthquake. Sasatani and Kasahara (1978) estimated a seismic moment of 5.0 9 10 20 Nm (M w 7.7) using body wave data of the 1975 earthquake. The 1 National Institute of Advanced Industrial Science and Technology, 1-1-1 Higashi, Tsukuba 305-8567, Japan. E-mail: keiioki@aist.go.jpdetailed slip distribution of the 1975 earthquake has not been estimated from previous studies and tsunami waveform analysis of the 1975 earthquake also has not been done.
The 1973 Nemuro-Oki earthquake occurred southwest of the 1969 earthquake ( Fig. 1) , with a seismic moment estimated to be 6.7 9 10 20 Nm (M w 7.8) from surface wave analysis (Shimazaki 1974) . Further, slip distribution of the 1973 earthquake was estimated using tsunami waveform data, and a seismic moment of the earthquake of 6.5 9 10 20 Nm (M w 7.8) was estimated from slip distribution (Tanioka et al. 2007 ). The estimated size of the rupture area of the 1973 earthquake (80 km 9 80 km) was obtained from the tsunami waveform inversion where the slip amount was larger than 1.0 m. The 1963 Kurile earthquake occurred northeast of the 1969 earthquake. Slip distribution of the 1963 earthquake was estimated using tsunami waveform data and the total seismic moment of 3.9 9 10 21 Nm (M w 8.3) was estimated from slip distribution (Ioki and Tanioka 2011) . The estimated rupture area having a slip amount of more than 1.0 m was 300 km 9 150 km. The 1994 Kurile earthquake occurred in the same area as the 1969 earthquake. However, the 1994 earthquake was an intraplate earthquake that ruptured inside the Pacific plate. The slip distribution and a seismic moment of 3.0 9 10 21 Nm (M w 8.3) were estimated using tsunami waveform and geodetic data (Tanioka et al. 1995) . The size of the rupture area of the 1994 earthquake where the slip amount was larger than 1.0 m on each subfault was 90 km 9 70 km. As described above, various types of large earthquakes occurred after the 1969 great Kurile earthquake in Kurile trench. We focus on the interplate earthquakes and studied the relationship of these rupture areas to other large earthquakes to understand a sequence of earthquakes occurred along the Kurile trench. In this study, slip distributions of Table 1 . Aftershock areas of the 1969, 1973 and 1975 earthquakes are shown at the top right of this figure (Schwartz and Ruff 1987 
Data and Fault Model
The tsunami of the 1969 Kurile earthquake was observed at more than 23 tide gauge stations. For this study, tsunami waveform data from 14 tide gauge stations in Japan and 9 tide gauge stations in the Pacific Ocean were used. In the case of the tsunami of the 1975 Shikotan earthquake, tsunami waveform data from 14 tide gauge stations in Japan were used ( Fig. 1 ; Table 1 ). Tsunami waveform data in Japan have been collected from the Tsunami Chart Data along the coast of Japan For the 1969 Kurile earthquake, the earthquake mechanism is assumed to be a pure thrust type. Dip angle of the fault model, 25°, was assumed based on the angle of the subducting Pacific plate in the Kurile trench. Strike of the fault model, 230°, was determined from the direction of the Kurile trench axis. Abe (1973) indicated that length and width of the rupture area of the 1969 earthquake were 180 and 85 km, respectively, from aftershocks within 1 day. For this study, 12 subfaults were allocated to cover this aftershock area; the size of each subfault is 50 km 9 50 km, and the location of subfaults is shown in Fig. 2a .
For the 1975 Shikotan earthquake, the earthquake mechanism is thrust type which occurred on very shallow part of the interplate close to the trench axis. Dip angle of 10°and strike of 230°w ere assumed in the fault model. The size of aftershock area of the 1975 earthquake is 100 km 9 60 km along plate interface near the Kurile trench (Takahashi, 2006) . For this study, 8 subfaults were allocated to cover the aftershock area estimated from Schwartz and Ruff (1987) ; the size of each subfault is 50 km 9 60 km, and the location of subfaults is shown in Fig. 2b .
Tsunami Waveform Inversion
One arc-min of gridded bathymetry data by GEBCO was selected to calculate propagation of the tsunami. A finer grid size of 20 arc-sec was selected near the tide gauge stations. The bathymetric data of 20 arc-sec near Japan were interpolated from MIRC-JTOPO 30. The bathymetric data of 20 arc-sec of the Pacific Ocean were created by digitizing NAUTCAL CHARTS. The tsunami computed area is 130°-220°E, 0°-60°N. The initial condition of the tsunami must be calculated, before calculating the propagation of the tsunami. On each subfault, coseismic deformation on the seafloor was computed using Okada's formula (Okada 1985) . We assumed that initial water deformation on the sea surface was equal to coseismic deformation on the seafloor. If a depth of the sea is much smaller than wavelength of the initial water deformation, this assumption is allowed. We solved the linear shallow water equations including the Coriolis term using the finite difference method with a staggered grid system (Satake 2007) . To satisfy a stability condition, the time step was chosen to be 1 s. The total reflection boundary was used at the coastline and the open boundary was used at the end of the computed area.
We used tsunami waveforms calculated from a unit amount of slip on each subfault as Green's function of tsunami waveform inversion. The tsunami inversion method is described in detail by Satake (2007) . Non-negative constraints were applied to the slip amount on each subfault. We used the first few cycles of tsunami waveforms to eliminate later phases including reflected waves. We used the jackknife technique (Tichelaar and Ruff 1989) for error analysis. To calculate the standard deviation of slip amount, inversion was repeated by dropping some data randomly from the original data.
Results
The slip distribution and calculated errors of the slip amount on each subfault of the 1969 great Kurile earthquake are shown in Fig. 2a and Table 2 . The result indicates that the maximum slip amount is 3.2 m in subfault 3 and the next largest slip amount is 2.8 m in subfault 4. These subfaults having a large slip amount are located at near the epicenter of the 1969 earthquake, at the deep central part of the rupture area. The major slip region in which slip amount is larger than 1.0 m on each subfault is located off Shikotan Island. The size of the rupture area in the major region is 200 km in length and 100 km in width. This major region is similar to the aftershock area within 1 day (Abe 1973) , the source region calculated from P wave data (Schwartz and Ruff 1985) and arrival times of the tsunami signal (Hatori 1970) . The location of the subfault 3 and subfault 4 having a large slip amount is almost same as the location where many aftershock occurred and moment release that estimated from seismic waveform analysis was large (Schwartz and Ruff 1985; Kikuchi and Fukao 1987) . The seismic moment of 1.1 9 10 21 Nm (M w 8.0) was computed from the slip distribution of the 1969 earthquake. The rigidity was assumed to be 4.0 9 10 10 N/m 2 . The seismic moment in our result is similar to the seismic moment calculated from seismological studies by Abe (1973) , Kikuchi and Fukao (1987) , and Schwartz and Ruff (1987) . Calculated tsunami waveforms of the 1969 earthquake were compared with the observed ones (Fig. 3) . The double amplitude of 1 m or more was recorded at the coast of eastern Hokkaido. Computed waveforms are closely matched the observed waveforms. The 1973 Nemuro-Oki earthquake ruptured the southwest side of the 1969 earthquake rupture area. The major slip region of the 1973 earthquake as estimated from the tsunami waveform analysis (Tanioka et al. 2007 ) is located in subfault 2 and subfault 4 where the slip amount of the 1969 earthquake is almost negligible (subfault 1) ( Fig. 2a ; Table 3 ). This suggests that the 1973 earthquake ruptured the plate interface immediately adjacent to the location ruptured by the 1969 earthquake.
The slip distribution and calculated errors of the slip amount on each subfault of the 1975 Shikotan earthquake are shown in Fig. 2b and Table 4 . The large slip amount of 2.2 m and 1.6 m can be seen in subfault 6 and subfault 7. Because these slip amount are much larger than errors of slip amount, it is reliable that these subfaults ruptured with a large slip. Errors of slip amounts for the 1975 earthquake are similar to those for the 1969 earthquake although the number of tsunami waveforms used in those inversions is different. Therefore, slip distributions of the 1969 and 1975 earthquakes can be compared with similar resolutions. The size of the rupture area having a slip amount of more than 1 m is 100 km in length and 60 km in width. The aftershock area estimated from Schwartz and Ruff (1987) is same at the rupture area and located in subfault 6 and subfault 7 where the slip amount of the 1969 earthquake is almost negligible in subfault 9 and subfault 10. This result indicates that the shallow region of the plate interface was not ruptured by the 1969 earthquake, but was later ruptured by the 1975 tsunami earthquake. The seismic moment of 0.6 9 10 21 Nm (M w 7.8) was calculated from the slip distribution of the 1975 earthquake assuming that the rigidity is 4.0 9 10 10 N/m 2 . The calculated seismic moment is slightly larger or similar to the seismic moment estimated from seismic waveform analyses by Takemura et al. (1977) and Sasatani and Kasahara (1978) . Calculated tsunami waveforms of the 1975 earthquake were compared with the observed ones (Fig. 4) . Calculated waveforms matched the observed waveforms in Japan.
Discussion
Because Japan Meteorological Agency estimated M jma = 7.0 using the short-period seismometers in Japan (Sapporo District Meteorological Observatory 1976) and Abe (1989) estimated M t = 7.9 from tsunami maximum amplitude, the 1975 earthquake was characterized as a tsunami earthquake. In this study, M w of the 1975 earthquake was estimated from the tsunami waveform analysis to be 7.8 which is similar to the estimate from the body wave analysis by Sasatani and Kasahara (1978) of 7.7. This suggests that tsunami from the 1975 tsunami earthquake could be well predicted if the magnitude was estimated Table 2 Slip and error on each sub fault of the 1969 Kurile earthquake
Subfault number
Slip ( part of the plate interface 7 days after the 1963 mainshock (Ioki 2013) . A similar sequence of earthquakes is also shown in the Sunda trench, Indonesia. In 2007, the Bengkulu earthquake occurred along the Sunda trench. Slip distribution of the 2007 Bengkulu earthquake was estimated using tsunami waveform data and InSAR data (Gusman et al. 2010) , and showed that the 2007 earthquake ruptured a deep part of the subducting plate. Subsequently, in 2010, the Mentawai tsunami earthquake occurred. Slip distribution of the 2010 Table 4 Slip and error on each subfault of the 1975 Shikotan earthquake Mentawai earthquake was estimated from tsunami waveform inversion (Satake et al. 2013) and showed that the 2010 earthquake ruptured a shallow part of the subducting plate that had not been ruptured by the 2007 earthquake. Lay et al. (2012) define domains of seismogenic behavior along the megathrust from the trench to the down dip edge. A shallowest portion, less than 15 km below sea level, was designated as the portion that tsunami earthquakes occur. The 2010 Mentawai earthquake was defined as the earthquake occurred at the shallow portion. The middle depth portion from 15 to 35 km was designated that typical large earthquakes occur. The 2007 Bengkulu earthquake was defined as the earthquake occurred at the middle portion. It appears that, in both the Kurile trench and Sunda trench, a large earthquake occurred in a shallow region after a great earthquake occurred in a deeper region in the same area along the trench. Sun et al. (2014) found that crustal deformation continuously occurs after a large thrust earthquake such as the 2011 Tohoku-Oki earthquake and this postseismic deformation is due to viscoelastic relaxation of stresses. After the thrust earthquake occurring in a deep part of the plate interface, by the effect of viscoelastic relaxation in short term, it may be possible that a shear stress is continuously accumulated in a shallow part of the same plate interface and eventually causes the large earthquake as a tsunami earthquake. Miyazaki et al. (2004) found that most afterslip of the 2003 Tokachi-Oki earthquake occurs outside the coseismic rupture zone including updip portion. Hsu et al. (2006) also found that the 2005 Nias-Simeulue earthquake triggered aseismic afterslip on the subduction megathrust in updip direction from the main rupture. Thus, the effect of afterslip also may contribute to the stress accumulation in a shallow part of the plate interface.
As shown above, although time scales of the delay times show the large variety, large earthquakes occurred in a shallow region after great earthquakes occurred in a deep region in the same area along the trench by the effects of the viscoelastic relaxation and afterslip.
Conclusion
The slip distribution of the 1969 great Kurile earthquake was estimated using tsunami waveform inversion. Our results indicate that the major slip region of the 1969 earthquake was located near the epicenter and the area where many aftershocks occurred. The seismic moment of the 1969 earthquake is 1.1 9 10 21 Nm (M w 8.0). The source area obtained from the slip distribution is similar to the aftershock area within 1 day and the source area estimated from previous study using P waves. The 1973 Nemuro-Oki earthquake ruptured adjacent to the rupture area of the 1969 earthquake. The slip distribution of the 1975 Shikotan earthquake was also estimated from tsunami waveform analysis. The seismic moment of the 1975 earthquake is 0.6 9 10 21 Nm (M w 7.8). This seismic moment is similar to the seismic moment estimated from previous studies using seismic waveforms. The source area obtained from the slip distribution is similar to the aftershock area within 1 month. The 1975 Shikotan earthquake ruptured a shallow part of the plate interface, after the 1969 Kurile earthquake that ruptured a deeper part of the same region. The 1975 earthquake ruptured the plate interface which was not ruptured by the 1969 earthquake. The occurrences of the 1969 earthquake and 1975 earthquake suggest a possible pattern that a great earthquake may occur in a shallow region a few years after a great earthquake which occurs in a deep region along the trench.
